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Abstract 
The present microfluidic study is emphasizing the flow behavior of two immiscible fluids within a Y shape micro-
bifurcation with two inlets and one outlet. We report here a numerical investigation on the interface shape dynamics 
manifested at different capillary numbers (Ca), by a variation of the flow rate ratios (FRR) over the inlets. The 
numerical flow patterns are found to be in good agreement with the experimental manifestations. We demonstrated 
numerically that the Ca variation has an important impact on the droplet frequency formation. Changing only the 
FRR of the inlets, the droplets behavior modifies drastically. From the numerical point of view, the interface shape is 
used to characterize the manifestation of droplet formation. 
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1. Introduction 
Liposomes are quasi-spherical structures formed from lipid bilayer membranes that encapsulate an 
aqueous volume. Liposome size and size distribution are tailored for each particular application and are 
inherently important for in-vivo applications such as drug delivery and transfection across nuclear 
membranes in gene therapy [1]. In conventional methods, lipids are spontaneously assembled into 
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heterogeneous bilayers in a bulk phase. Additional processing by extrusion or sonication is required in 
order to obtain small size liposomes with narrow size distribution. Jahn et al. [2] were amongst the first to 
develop a microfluidic hydrodynamic focusing (MHF) method for controlled liposome formation [3-6]. 
Through the current study, we propose to create a similarity between the liposome sizing and droplet 
formation using two well-known Newtonian fluids: mineral oil and deionized water. This procedure does 
not intend to be an alternative to the MHF method, but more of an enhancement to the mentioned method. 
Of course, the study is in an early stage development, the scales being a bit larger, due to experimental 
set-up constrains. The future investigations will try to match the scales that liposome work involves.  
The test geometry was constructed from a commercial microchannel with a “Y” shape that presented a 
squared cross-section of 300x300 μm. It had two separate inlets for each fluid and one outlet. An 
important feature from the physical characterization of the working fluids is represented by the interfacial 
tension, value measured with a goniometer and taken into consideration in the numerical model.  
The main purpose of the study was to make a numerical determination of the interface shape dynamics 
manifested at different capillary numbers (Ca), by slight variations of the flow rate ratios (FRR) applied at 
the inlets. 
A thorough survey of the specialized literature has revealed that dimensionless parameters such as the 
capillary number and viscosity ratio can influence the displacement flow pattern [7-12]. Many of these 
studies have applications with porous media and are not related with liposome formation, which 
emphasizes the novelty of our investigation.  
The influence of FFR and interfacial tension has been studied in parallel with the objective to group 
these two parameters in a single non-dimensional number, the capillary number. Sugiura et al. [13] have 
used dimensionless groups to describe the droplet formation from a microchannel into a quiescent 
continuous phase. In their operating conditions, the capillary number compares the viscous force due to 
the flow of the oil phase and the interfacial tension force. Lepercq et al. [14] considered a capillary 
number that compared the viscous force exerted on the drop by the continuous phase and the interfacial 
tension force. They concluded that, for a given wall shear stress, a high interfacial tension leads to the 
formation of larger droplets.  
The initial numerical results were compared with experimental investigation, performed with a special 
design setup based on an optical microscopic device (a CCD camera was coupled at the objective of an 
inverted microscope) and were presented in a previous publication [15]. Using this setup, direct 
visualizations and quantitative observations were obtained. A first conclusion that emerged was the higher 
the capillary number, the smaller the drops formed, being consistent with the other studies in literature 
[14].  
 
Nomenclature 
 
Ca capillary number  
η  dynamic viscosity 
ρ density 
v characteristic velocity 
σs superficial tension 
k the double of the medium curvature of the separation surface 
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R surface curvature radius 
2. Numerical considerations 
In this paper the 3D numerical solutions of investigated micro-flows are computed (for proper 
boundary and initial conditions) with the commercial numerical code FLUENT™. FLUENT™ is a 
complex specialized program dedicated exclusively to CFD (Computational Fluid Dynamics); it is based 
on finite volumes method to solve the corresponding PDE (Partial Differential Equations) and is using the 
pre-processor GAMBIT to construct the mesh geometry.  
Two immiscible Newtonian fluids (oil and water, respectively) were chosen to study the droplet 
formation. The main material characteristics of the two fluids are the following:    ηoil = 0.11 Pas, ρoil = 
874 kg/m3, ηwater = 0.001 Pas, ρwater = 1000 kg/m3. This initial data, along with the interfacial (surface) 
tension at the interface of the two fluids, σ = 0.059 N/m, was used as inputs for the numerical simulations. 
This value is close to the surface tension of a liposome membrane [16], therefore an extended similarity of 
their behavior can be proposed. This initial approach consists in three study cases with the variation of the 
FRR: 1:10, 10:1 and 1:1, considering the flow rate ratio between Inlet 1 and Inlet 2. According to these 
FRRs and taking under consideration the interfacial tension, we obtained results for three Ca: 3.4∙10-4, 
2.04∙10-2, and 1.86∙10-4 respectively.  
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Fig. 1. Geometry description and detail on flow domain discretization [15]. 
 
Considering that our flow domain consists of two immiscible fluids, a special numerical method is 
required. The VOF (Volume of Fluid) method was used to solve the Navier-Stokes equations, the 
governing equations in this case. This method utilizes a fixed grid of finite elements to calculate the 
interface position of the two immiscible fluids. The motion equations are computed for each of the two 
fluids, and the volumetric concentration of the two fluids is being calculated in each cell of the mesh, at 
each time moment. The VOF model is robust and relatively simple to implement in specialized numerical 
codes for Navier -Stokes equation solvers. It allows the computation of large interface deformations. The 
main disadvantage is the poor discretization of the interface, the computations providing an interval of 
possible locations with the width dependent of the mesh resolution.   
 The flow domain has been discretized using a structured mesh containing 1,043,370 hexahedral finite 
elements (Fig. 1.), same geometry being used for our previous work [15]. For the investigated cases a 3D 
model with pressure based solver, implicit and unsteady flow scheme was used. The computed solution 
presents a precision of 10-10. 
3. Theoretical considerations 
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300 um 
60° 
Inlet 1 
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3.1. Surface tension 
The motion equation for a domain F (occupied by the two fluids) is the following: 
 
 
 
 
 
where  is the interface defining equation, with  for fluid A (water) and  for 
fluid B (mineral oil),  - the double of the medium curvature of the separation surface, in the point 
characterized by the normal n and: 
  
 
    
    
The interface is considered to be a material surface, which implies the validity of the following 
condition: 
 
  
 
        
The relation (1) states that the pressure jump is compensated by the superficial tension, considered 
constant on the separation surface: 
 
   
 
For a generalized Newtonian fluid, the relation (4) reduces to: 
.   
 
 
With the material constants known, the equations (1) and (3), along the continuity equation , 
are solved simultaneously at each time step for the velocity and pressure fields computations in the D 
domain and also the interface equation   [17-18].  
The superficial tension is a tendency measure of a fluid surface to reach a minimum area. In general, 
the term “superficial tension” is used for a liquid-gas interface (free surface) and “interfacial tension” for 
liquid-liquid interface, respectively.  
From the thermodynamic point of view, the superficial tension is interpreted as an increase of the 
Helmholtz or Gibbs system energy when infinitesimal reversible increase of the considered interface area 
occurs, at constant temperature and volume or pressure. From mechanically point of view, the superficial 
tension is the contraction force on length unit that acts at the interface, on a parallel direction with it; 
therefore, the superficial tension can be measured as the necessary force to increase infinitesimally the 
interface area. For isotropic interfaces, this specific force is independent from the surface direction and 
orientation. At equilibrium, the two approaches, thermo-dynamical and mechanical, are equivalent (when 
the interface has enough time to reach the equilibrium state, in other words, at low Deborah numbers or 
with the lack of elasticity). In this case, we refer to static superficial tension. 
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When the interface does not reaches the equilibrium state, the superficial tension is called 
“dynamical”, only the mechanical formulation remains valid [19-21]. The non-equilibrium state can be 
determined by the large relaxation times of some interfacial processes. 
One of the most important relations for the interface phenomena study is the Young-Laplace equation 
that expresses the equilibrium between the superficial tension and the pressure tension (mass tension 
respectively), establishing the link between the superficial tension value ( ) and the pressure 
difference along the interface (also called capillary pressure) [22]:  
 
  
 
 where 'p is the pressure difference,  is the superficial/interfacial tension, R1 and R2 being the 
surface curvature radius, see (5). 
3.2. Capillary number 
The capillary number is a dimensionless magnitude and represents the relative effect of viscous forces 
related to surface tension acting across an interface. This interface can be formed between a liquid and 
a gas (free surface), or between two immiscible liquids. It is defined as 
 
 
 
where η is the viscosity of the liquid, v is a characteristic velocity and   is the superficial/interfacial 
tension between the two fluid phases. 
4. Results and discussions 
The current study managed to determine three different droplet behaviors at three different capillary 
numbers (Ca): 3.4∙10-4 (Fig. 2.), 2.04∙10-2 (Fig. 3.), and 1.86∙10-4 (Fig. 4.) respectively. A first conclusion 
that emerged was the higher the capillary number, the smaller the drops formed. This is revealed by 
investigating two different time steps of the flow: t = 1 s and t = 1.25 s. The iso-pressure lines 
representations clearly indicate the interface shape on the pressure jumps zones, being an alternative mean 
of interface characterization.   
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 Fig. 2. 2D and 3D interface representation and iso-pressure distribution for Ca = 3.4∙10-4 : A) t = 1 s; B) t= 1.25 s. 
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Fig. 3. 2D and 3D interface representation and iso-pressure distribution for Ca = 2.04∙10-2: A) t = 1 s; B) t= 1.25 s. 
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Fig. 4. 2D and 3D interface representation and iso-pressure distribution for Ca = 1.86∙10-4: A) t = 1 s; B) t= 1.25 s. 
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We conclude that the current method can be a useful enhancement to the MHF method in order to 
obtain a smaller size spread of the liposomes in particular, or other similar particles in general. 
5. Conclusions 
The current study proposed to create a similarity between the liposome sizing and droplet formation 
using two well-known Newtonian fluids: mineral oil and deionized water. The test geometry was a 
commercial microchannel with a “Y” shape that presented a squared cross-section of 300x300 μm.  
The main purpose of the study was to make a numerical determination of the interface shape dynamics 
manifested at different capillary numbers (Ca), by slight variations of the flow rate ratios (FRR) applied at 
the inlets of the above geometry. 
One of the first conclusions that emerged was the higher the capillary number, which is directly 
proportional with the fluid velocity, the smaller the drops formed. Analyzing the results one can conclude 
that the current method can be a useful enhancement to the Microfluidic Hydrodynamic Focusing method 
in order to obtain a smaller size spread of the liposomes. 
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